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Various processes will lead to emittance growth in RHIC during injection. The effects of steering
errors, optical mismatch, space charge and intrabeam scattering are estimated. The transverse
and longitudinal emittance growths are computed for protons and fully stripped gold ions.
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1 INTRODUCTION

Emittance growth at any energy in the accelerator chain ultimately reduces the
luminosity of a storage ring. In addition, when the transverse emittances exceed
the dynamic or physical aperture, or when the longitudinal emittance exceeds the
bucket admittance, the luminosity is further reduced due to particle loss.

* The effects of magnetic multipole errors, tune modulation and space charge tune
shift on the RHIC dynamic aperture at injection energy are presented elsewherel 2.
Collective instabilities, which can also lead to emittance growth, are treated in the
collective instability reports3. Those effects are not addressed in this article. Here
we investigate emittance growth caused by steering errors, optical mismatch, space
charge and intrabeam scattering. For those effects formulae are given and estimates

are made for both transverse and longitudinal emittance growth. Protons.and fully

stripped gold ions are considered.

In Tab. 1 the beam parameters at injection are given for gold ions and protons.
Tab. 2 contains the transverse lattice functions which are the same for both proton
and gold operation. In Tab. 3 the longitudinal lattice parameters are shown. They
are different for protons and gold ions. The data in Tabs. 1-3 are taken from the
collective instability reports3.

Throughout this report z denotes the horizontal, y the vertical and s the longitu-
dinal coordinate. Further notation is given in Tabs. 1-3. All emittances are quoted
unnormalized by their rms value: ‘
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TABLE 1: Beam parameters at injection.

parameter symbol | wunit | Au”T [ pt
atomic number A 1 79 1
mass number A 1 197 1
nominal bunch intensity Ng 1 10° 101t
number of bunches N 1 60 60
kinetic energy E GeV/u | 108 | 28.3
relativistic gamma 1 12.6 31.2
transverse rms emittance €z,y pm 0.132 | 0.080
longitudinal rms emittance €s mm 0.261 | 0.158
rms bunch length Os m 0.774 | 0.384
rms momentum spread Oyp 1072 | 0.351 | 0.411
filling time t S 114 30

TABLE 2: Transverse lattice functions at injection (identical for Au™t and pt).

parameter symbol | unit horizontal vertical
injection | average | injection | average
kicker kicker
beta By m 15.6 - 23.91 34.5 23.4
alpha gy 1 0.938. | -0.225 -1.82 -0.228
dispersion Dy, m | 1.029 0.602 0.0 0.0
dispersion slope D, 1 -0.07064 | 0.0046 0.0 0.0

TABLE 3:. Longitudinal lattice functions at injection.

parameter symbol | unit | Au™t [ pF
beta Bs m 2268 934
momentum compaction e 1073 | 1.91 1.91
transition gamma Yer 1 22.89 | 22.89
harmonic number h 1 360 360
slippage factor ] 1073 | —4.39 | 4+8.81

2 STEERING ERRORS

The vertical emittance growth due to a steering error at injection is
Aey, 1
€y 2¢y 3y

and a similar equation holds for the horizontal emittance growth. Assuming an error
of 107* in the horizontal bending strength of the injection septum, the horizontal

[(40) + (ay Ay + 6,007 (2)
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slope error is approximately Az/ = 3.8urad. The expected error of the vertical
injection kicker is 13 prad (cf. the collective instability reports3). Position errors
are expected to be less than 1 mm. These numbers lead to relative emittance

growths of
(AE””) =048  and ( AE’”) =0.80 (3)
€z / Au €z P
in the horizontal plane, and
<ﬂ> =068 and (-A&) =1.12 (4)
€y / au G?,J P

in the vertical plane. To keep the emittance growth below 10%, a transverse damper
system will be installed3. Its damping time of 1.3 ms (100 turns) is sufficiently small
compared to the decoherence time.

Systematic errors can be corrected in principal, but a change of the bending
strength during bunch passage will always lead to an incoherent emittance growth.
From all pulsed elements only the injection kicker is expected to show such noise.
Imposing again a limit of 10% on the emittance growth an error in the kick strength
of about 20 prad (50% larger than the systematic error) follows from Eq. (2).

The growth of the longitudinal emittance can be computed as

e () ). ®

With the available technology the phase error and thereby As can be neglected
compared to the momentum error. The expected momentum error is Ap/p=10—*

and one obtains
< A“) =4.3%  and ( A€3) = 2.9%. (6)
Au P

€s €s

A longitudinal damper system is expected to reduce the longitudinal emittance
growth by a factor of up to 100 {corresponding to a momentum error Ap/p=1075).
Its limitation is the time resolution of the wall current monitor.

3 OPTICAL MISMATCH

For mismatched lattice functions (a, 8) the emittance growth is%5

e 1B (. BN'B o] _
€ ‘2[ﬂ2+(a1 a2ﬂ2> ﬁ1+ﬂ1J ! (@)

where subscript 1 denotes values in the ring and subscript 2 values of the transfer
line. Measurements performed during the AGS-to-RHIC transfer line commission-
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ing indicate that lattice functions are known with 10% precision®. This leads to

8% _ 9% and 2% -4y 8)

€ L &y

which is the same for gold ions and protons.

The effect of a dispersion mismatch is similar to a steering error (cf. Eq. (2)).
The horizontal emittance growth can be computed as®

Aey _ 1 2 2] 2
o = 5 [(ADe) + (wAD: 4 fADL) o ®

and a similar equation holds for the vertical plane. Assuming a 10% dispersion
mismatch in the horizontal plane the emittance growths become

(Aew) =0.03% and (A€“> = 0.06% . (10)
Au P

€p €z

Since the injection kicker bends the incoming beam vertically there is a systematic
vertical dispersion mismatch (with AD, = 0.088 m and AD; = —0.0036) which
results in

(ﬂ> =0.03%  and (ﬂ) = 0.06% . (11)
Au P

€y €y
The longitudinal emittance growth due to mismatch in the RF system is

Ae,  Af,

€s Bs )

(12)

Experience shows that the RF voltage is known within 5-20% precision. Since the

synchrotron tune is proportional to the square root of the RF voltage (Q; o Vv ),
the synchrotron tune is known with 2.5-10% precision and with8

_Cn
:35 — Zr'@: (13)

C' being the circumference (3833.845 m for RHIC), the longitudinal beta function
is also known within 2.5-10%. The expected emittance growth is then

Aeg,

€s

= 2.5 — 10%. (14)
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4 SPACE CHARGE

The transverse envelope equations for a Gaussian beam can be approximated by

0-” + I{ Cp — i — *E._
T v - bl
o3 20y +0y) (15)
9 .
N R R S
T s = 3G F o)

The space charge parameter £ reaches its maximum at the bunch center where it is

brae = 222008, (16)
rg is the classical proton radius:
1 e ' —-18
0= fre gz = 19348:107 ¥ m (17)
where mg denotes the proton rest mass and ¢ the speed of light.
/\:Névb and 3:72_%%- (18)

are the average longitudinal particle density and the bunching factor (ratio of the
maximum longitudinal particle density to the average) respectively. For gold and
protons one obtains

fmaz,au=5-10""  and  {napp=2-10710 (19)

Space charge leads to defocusing forces about 10° times weaker than the external
focusing provided by quadrupoles (k = 0.09 m~2). This perturbation is in the order
of the quadrupole strength ripple. Therefore, no emittance growth is expected from
space charge effects. However, the Laslett tune shifts

_ ZZT’()CNI, _ Ema:vc
2 (27)3/2A8% B¢ o, 16Tesy

AQzy = (20)

come out to be
AQqz y.au = —0.029 and AQgz y,p = —0.020 (21)

which is about 10 times larger than the tune shift caused by nonlinear magnetic
fields. The large tune shift is likely to reduce the dynamic aperture?.
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5 INTRABEAM SCATTERING

The evolution of the rms beam size due to intrabeam scattering can be approxi-
mately described by®

1 dax

—a?/2 + d?
Ty | ow e
aoy | _ b Tobe (Pe 32
Oiy dclt A2 8n(BY)?t eneyes F)| /2 ' (22)
4op
ap dt ny(1— dz)

For bunched beams N, is the number of particles per bunch and np = 1, for un-
bunched beams N, is the total particle number and ny, = 2. L, is a form factor
which is approximately 20. If vertical dispersion can be neglected, one has

Dyo Bed By 0z a? 4+ b2
d= —"FFE = = Y d x= .
(02 + DZoZ)i/2’ a Do’ b= ﬁxdya and x 5 3)
The function F(x) is defined by
-1
Arth x>1

P = SE2IO=5 iy g = § v X(X‘l
Vx(1—x)

The RHIC ring consists mainly of regular FODO cells. Integrating Eq. (22) through
FODO cells only, one obtains

arctg / 1 ; Xy <1(24)

T —223 o +905
Ty = | —24.6 | min and Ty | =] —2261 | min  (25)
Ts 1 au +2.42 L +88.9

at the beginning of the injection. The growth times Toly,s are defined as

A 1 d"'?,y,s -
After 2 min (gold ions) or 30 s (protons) one has

Adg ~0.01 Ads +8.1074

Oz O

Ao Ac

~ — =| —010 | and ~ = =| -8.107% |.
Az, Ac, (27)

+1.03 +8.1073
Op Au,2min Op p,30s
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This is certainly a conservative estimate since the emittances are already enlarged
compared to the values given in Tab. 1. The longitudinal emittance growth for
gold ions is significant. However, it is interesting to plot the longitudinal emittance
growth as a function of bunch length while keeping the longitudinal emittance
constant. This is done in Fig. 1. A shorter bunch would lead to less emittance
growth. The rms bunch length is given by10

o = (A CHmBE (28)
g Ze 2w hVgp

and with the RF voltage available (600 kV maximum, 170 kV are needed to match
the AGS RF system at injection) the rms bunch length could be shortened adia-
batically from 0.774 mm to 0.565 mm after injection of a new bunch (see Fig. 1).
For the injection of the next bunch (after 2 s) the length would be increased again
adiabatically to match the AGS RF system and so on. With such a procedure
the emittance growth could be restricted to 57% (compared to 103% without these
changes).

(és_,_) 16 T
€s / Au, 2min :
14+ injection match to AGS

12 +

1 -+
RF voltage limit
0.8 +
0.6 +
0.4 +

0.2 +

0 f — f I !
-0 0.2 0.4 0.6 0.8 1

FIGURE 1: Longitudinal emittance growth of gold ions as a function of rms bunch length at
injection. The longitudinal emittance is kept constant.

6 SUMMARY

Transverse and longitudinal emittance growth due to steering errors and optical
mismatch should not exceed 10% for protons and gold ions. Space charge does not
contribute to emittance growth. However, a large longitudinal emittance growth for
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TABLE 4: Expected emittance growth in RHIC during injection due to various processes. The
longitudinal emittance growth of a gold ion beam due to intrabeam scattering given in brackets
is the number for the injection scheme described in Sec. 5.

process Au™t pt

Aez | Agy Ae, Aey | Agy Ac,

% | o | | o ||

steering error (no damper) 48 68 4 80 112 3
steering error (damper) 10 10 0 10 10 0
optical mismatch (a, 3) 2 4 2.5-10 2 4 | 25-10
dispersion mismatch (D, D) || 0.03 | 0.06 - 0.03 | 0.06 -
intrabeam scattering -1 -10 | 103 (57) 0 -0.8 0.8

gold ion beams is expected from intrabeam scattering. This emittance growth can
be reduced by decreasing the bunch length adiabatically during the time between
the injection of consecutive bunches. These results are summarized in Tab. 4.
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